Although the therapeutic benefit of proteasome inhibition in multiple myeloma remains unchallenged, drug resistance inevitably emerges through mechanisms that remain elusive. Bortezomib provokes unwanted protein accumulation and the endoplasmic reticulum stress to activate the unfolded protein response (UPR) and autophagy as compensatory mechanisms that restore protein homeostasis. High-throughput screens to detect pharmacologics that modulated autophagy to enhance the anti-myeloma effect of bortezomib revealed metformin, a widely used antidiabetic agent with proven efficacy and limited adverse effects. Metformin co-treatment with bortezomib suppressed induction of the critical UPR effector glucose-regulated protein 78 (GRP78) to impair autophagosome formation and enhance apoptosis. Gene expression profiling of newly diagnosed myeloma patient tumors further correlated the hyperexpression of GRP78-encoding HSPA5 with reduced clinical response to bortezomib. The effect of bortezomib was enhanced with metformin co-treatment using myeloma patient tumor cells and the chemoresistant, stem cell-like side population that may contribute to disease recurrence. The relevance of the findings was confirmed in vivo as shown by metformin co-treatment with bortezomib that delayed the growth of myeloma xenotransplants. Taken together, our results suggest that metformin suppresses GRP78, a key driver of bortezomib-induced autophagy, and support the pharmacologic repositioning of metformin to enhance the anti-myeloma benefit of bortezomib.
INTRODUCTION
Pharmacologic inhibition of the proteasome leads to disease regression or stabilization in newly diagnosed and treatmentrefractory multiple myeloma (MM) patients.
1,2 Bortezomib treatment of myeloma cells promotes the accumulation of misfolded and unfolded proteins that activates apoptotic pathways. However, disruptions that perturb protein degradation also induce endoplasmic reticulum (ER) stress and the unfolded protein response (UPR), a highly conserved signaling network aimed at expanding ER processing capacity and alleviating cellular injury. [3] [4] [5] [6] Agents that disrupt the ER stress response represent an attractive approach for selective cancer cell killing and provide the basis to develop targeted drugs that suppress pro-survival adaptations, for example, autophagy. [7] [8] [9] Glucose-regulated protein 78 (GRP78) is a central regulator of ER function due to its roles in protein folding and controlling activation of ER stress sensors. 10, 11 GRP78 is essential for UPR activation and promotes cytoprotective autophagy through maintenance of ER structural integrity. 12 Functional blockade of the proteasome induces GRP78 to promote autophagosome formation and enhance myeloma survival. 13 Overexpression of HSPA5, which encodes GRP78, promotes proliferation in many tumor cells and is associated with poor prognosis.
14-16 HSPA5 knockdown also reduces metastatic growth in xenograft models 17, 18 whereas GRP78 promotes cancer cell growth and activates the PI3K/Akt pathway. 19 Chemical screens to detect UPR modulators revealed that metformin prevented activation of a GRP78-promoter reporter and that metformin inhibited UPR activation to induce cell death under glucose deprivation. 7 Although metformin improves glycemic control and is the drug of choice to treat type 2 diabetes (T2D), metformin has also gained attention as it may reduce cancer incidence. 20, 21 Preclinical studies have shown that metformin inhibits the growth of cancer cells in vitro and in vivo, however, the mechanism(s) of action remains poorly understood. [22] [23] [24] Here, we investigated mechanisms by which metformin exerts its action to show that metformin targets GRP78-dependent autophagy to enhance the effect of bortezomib.
HSPA5 knockdown shRNA in pLKO.1-TCR lentiviral cloning vectors were transfected into 293T packaging cells with packaging and envelope vector using lipofectamine 2000 (Thermo-Fisher). Viral supernatants were used to transduce cells then selected in puromycin.
Western blots
Electrophoresed proteins were transferred to nitrocellulose, blocked with buffer and primary antibody added. Membranes were visualized using the LI-COR (Littleton, CO, USA) detection system.
Biostatistics
Data presented are mean ± s.d. of independent experiments performed in triplicate. Statistical significance was assessed using the Student t-test and analysis of variance test. Overall survival was determined using the KaplanMeier method with 95% confidence intervals. A value of Po0.05 was accepted as statistically significant.
RESULTS
Novel agents that target the proteasome, a proteolytic complex responsible for ubiquitinated protein degradation, achieve remarkable clinical benefit in MM but drug resistance remains a significant obstacle. Current anti-myeloma strategies effectively target the tumor bulk but tumor-initiating subpopulations persist and may be responsible for eventual disease relapse. 25, 26 We exploited functional characteristics to isolate the stem cell-like SP by staining with Hoechst 33342 dye. In flow cytometric analysis, SP fall to the side of the bulk of positively Hoechst 33342-stained cells (Figure 1a) . A similar approach has been used in a variety of tumor types, including lung, gastric, esophageal, squamous and ovarian carcinoma cell lines. [29] [30] [31] The intracellular accumulation of Hoechst dye disappeared when cells were treated with the ABC transporter inhibitors verapamil (100 μM) or reserpine (50 μM). SP and main population (MP) were isolated from the MMCLs and myeloma patient tumor samples and the effect of the proteasome inhibitors bortezomib, carfilzomib and ixazomib were determined on the viability using the XTT assay (Figure 1b) . SP was less sensitive to proteasome inhibition than MP (Figure 1c,  Supplementary Figure 1) . We next determined the effect of bortezomib on cell proliferation by measuring BrdU incorporation. 32 Treatment of SP or MP for 8 h with bortezomib generated a dose-dependent increase in absorbance relative to SP or MP that had not been treated with bortezomib ( Figure 1d ). The results indicated that bortezomib alone slightly increased BrdU incorporation and did not inhibit proliferation during this period of time, consistent with prior studies. 33 In previous studies to assess the biologic significance of NF-κB activation during bortezomib-induced growth inhibition, BrdU incorporation was upregulated by bortezomib after 8 h of drug treatment. Importantly, washout experiments after 8-h bortezomib treatment showed that MM cells were destined to die at later times. Although NF-κB was activated by bortezomib in the first 8 h, the results indicated that MM cells were already committed to apoptosis. 33 SP and MP were treated with bortezomib at the indicated concentrations for 24 h and the relative percent of cells undergoing apoptosis was determined by annexin-V (fluorescein isothiocyanate) staining and flow cytometry 33 ( Figure 1e ). Bortezomib generated a dose-dependent increase in annexin-positive SP and MP cells to indicate that the bortezomib effect was mediated through apoptosis.
Metformin enhances the apoptotic effect of bortezomib Autophagy represents an alternate protein degradation pathway that may eliminate unwanted proteins upon proteasome inhibition to enhance the anti-myeloma effect of bortezomib. 12 Table 2 ). Next, we performed screening to detect drugs that enhanced the effect of bortezomib (5 nM) on myeloma viability. Results indicated that metformin also significantly enhanced the effect of bortezomib on myeloma viability (Supplementary Table 3) .
Metformin exhibits anticancer effects in a wide range of in vitro and in vivo models through adenosine monophosphateactivated protein kinase (AMPK)-dependent and -independent pathways. 22, [34] [35] [36] When added alone, millimolar concentrations of metformin were required to achieve an appreciable reduction in myeloma viability (Supplementary Figure 2) . Importantly, metformin (500μM) co-treatment enhanced the effect of bortezomib to reduce the viability of SP and MP cells isolated from either MMCLs or patient tumors (Figures 2a and b, Supplementary Figure 3) . The formation of colonies in solid media by SP cells was reduced with bortezomib treatment (Figure 2c ) and the effect was enhanced by metformin co-treatment with bortezomib 37 (Figure 2d ). SP cells demonstrated a greater capacity to form colonies than MP cells and metformin alone did not significantly reduce colony formation (Supplementary Figure 4) . Metformin alone or combined with borteozmib also reduced BrdU incorporation as a measurement of cell proliferation. SP and MP cells treated with 500 μM metformin led to a slight reduction in BrdU incorporation compared with untreated controls (Figure 2e ). Metformin co-treatment with bortezomib also reduced BrdU incorporation into either SP or MP cells. The results suggest that whereas bortezomib alone did not inhibit BrdU incorporation, metformin alone or metformin cotreatment with bortezomib reduced proliferation. Cells were then treated with metformin and bortezomib, and those undergoing apoptosis were quantitated using annexin-V staining (Figure 2f ). Treatment with metformin (500 μM) did not promote apoptosis but co-treatment with bortezomib increased apoptosis in SP and MP cells.
Metformin suppresses GRP78-dependent autophagy Accumulation of polyubiquitinated and misfolded proteins within the ER lumen initiates the UPR and autophagosome formation through GRP78 dissociation from ER stress sensors. 38 Bortezomib treatment increased GRP78 levels in RPMI8226 lysates ( Figure 3a ). Metformin has previously been shown to suppress GRP78 induction upon glucose deprivation or proteasome inhibition and, consequently, to disrupt UPR activation. 7, 13, 23 Treatment with metformin alone slightly increased GRP78 levels in RPMI8226 lysates whereas bortezomib treatment generated a more significant increase in GRP78 (Figure 3b ). Metformin co-treatment suppressed the bortezomib-induced increase in GRP78. Bortezomib also increased GRP78 in SP and MP cell lysates and metformin cotreatment suppressed the induction of GRP78 in these populations ( Figure 3c ). During autophagosome formation, microtubule-associated protein light chain I (LC3B-I) covalently links to phosphatidyl-ethanolamine and is incorporated into autophagosome membranes where it recruits cargo proteins for degradation. Lipidation converts cytosolic LC3B-I into the active, autophagosome membrane-bound form, LC3B-II. Cells were treated with bortezomib, metformin or both and LC3B-I conversion monitored by western blot (Figure 3d ). Bortezomib significantly increased the conversion of LC3B-I to LC3B-II, whereas metformin, alone or in co-treatment with bortezomib, yielded only a slight increase in LC3B-II relative to untreated controls. Bafilomycin A1 was then added for the final 4 h of incubation (lanes 5-8) to prevent autophagosome recycling. The results indicated that treatment with bafilomycin A1 enhanced the accumulation of LC3B-I and LC3B-II to indicate that treatment with bortezomib, metformin or both drugs simultaneously increased autophagic flux. GRP78 levels and autophagosome levels were then monitored by immunohistochemistry and confocal microscopy. GRP78 and autophagosomes were minimal in untreated RPMI8226 cells, but the levels significantly increased after bortezomib treatment (Figure 3e ). Metformin alone did not induce the GRP78 or autophagosomes and the effect of bortezomib on GRP78 and autophagosomes was suppressed upon co-treatment with metformin. RPMI8226 cells were treated with the autophagy inhibitors chloroquine, hydroxychloroquine or bafilomycin alone or with bortezomib (Supplementary Figure 5) . The autophagy inhibitors slightly reduced viability but co-treatment with bortezomib significantly enhanced the effect to suggest that autophagy inhibition further increases the effect of proteasome inhibition. The effect of metformin co-treatment with bortezomib was also observed after RPMI8826 cells had been cocultured with bone marrow stroma (Supplementary Figure 6) .
To determine whether the effect of bortezomib on autophagosome formation required GRP78, RPMI8226 cells transfected with scrambled control or HSPA5-specific shRNA. Transfectants were then treated with bortezomib (5 nM), metformin (500 μM) or both drugs. Cells transfected with shRNA to reduce HSPA5 did not form autophagosomes after bortezomib treatment compared with control transfected cells (Figure 3f ). Cells transfected with shRNA to inactivate HSPA5 also exhibited reduced viability after bortezomib treatment compared with control transfected cells (Supplementary Figure 7) . AMPK is also required for autophagy and genetic knockout of the AMPK catalytic subunits AMPK-α1/α2 in mouse embryonic fibroblasts was shown to similarly enhance the effect of bortezomib on cell viability (Supplementary Figure 8) . Quantitation of green fluorescence, indicative of autophagosomes, indicated that bortezomib increased autophagosomes bỹ 9-fold relative to untreated cells (Figure 3g ). Metformin treatment alone increased fluorescence by~4-fold and autophagosomes formed after metformin treatment were much smaller than those formed with bortezomib. Metformin cotreatment with bortezomib suppressed autophagosome formation in SP cells (Figure 3h ).
HSPA5 expression in patient tumors is inversely correlated with clinical response to bortezomib
We reasoned that HSPA5 expression increased during the multistep process of myelomagenesis and that HSPA5 expression was greater in MM patients that failed bortezomib-based therapy. **** **** *** Figure 3 . Effect of metformin on GRP78 and bortezomib-induced autophagy. (a) Western blot to determine the effect of bortezomib treatment on GRP78 levels in RPMI8226 cell lysates. Cells were treated with bortezomib at indicated concentrations for 24 h, lysates prepared and probed using a GRP78-specific antibody. (b) Western blot to determine the effect of metformin co-treatment with bortezomib on GRP78 levels in RPMI8226 cells. Cells were treated with bortezomib and metformin at indicated concentrations for 24 h; lysates prepared and probed using an antibody specific to GRP78. (c) Western blot to determine the effect of metformin co-treatment with bortezomib on GRP78 levels in SP and MP cells isolated from RPMI8226. Cells were treated with bortezomib and metformin at indicated concentrations for 24 h; lysates prepared and probed using an antibody specific to GRP78. (d) Effect of metformin co-treatment with bortezomib on the conversion of LC3B-I to LC3B-II in RPMI8226 cells. Cells were treated with bortezomib (5 nM), metformin (500 μM) for 24 h. Bafilomycin A1 (100 nM), a specific inhibitor of the vacuolar type H + -ATPase was then added for the final 4 h of incubation to inhibit autophagy flux and to prevent autophagosome recycling and lead to LC3B-II accumulation. Lysates were prepared and probed by western blot to detect the relative levels of LC3B-I and LC3B-II. (e) Effect of bortezomib (5 nM) and metformin (500 μM) alone and combined on the levels of GRP78 and autophagosomes in RPMI8226 cells. Cells were treated with drugs for 16 h and GRP78 was then visualized by immunohistochemistry staining and confocal microscopy. Autophagosomes were detected using the cytologic identification (cyto-ID) autophagy detection kit (Enzo Life Sciences, Farmingdale, NY, USA) and visualized using a Zeiss LSM710 confocal microscope (Zeiss Microscopy, Thornwood, NY, USA). Settings for fluorescein isothiocyanate detection were EX 488nm and EM 550nm . (f) Effect of HSPA5-specific shRNA on autophagosome formation. RPMI8226 cells were transfected with control or HSPA5-specific shRNA and transfectants treated as indicated. Autophagosomes were detected by dye-based staining and confocal microscopy. (g) Autophagosomes were detected by the dye-based method and the relative amount of green fluorescence was determined using ImageJ software (National Institutes of Health, Bethesda, MD, USA). Statistically significant differences in fluorescence are indicated by *. (h) Effect of bortezomib (5 nM) and metformin (500 μM) alone and combined on autophagosome formation in SP cells. SP were treated with drugs as indicated for 16 h and autophagosome formation visualized by dye-based staining and confocal microscopy. Shown are representative images observed in multiple experiments.
gene expression profiles analysis indicated that the median expression of HSPA5 was greater in CD138 + plasma cells isolated from newly diagnosed, untreated monoclonal gammopathy of undetermined significance, smoldering multiple myeloma and MM patient populations than the median expression from CD138 + plasma cells isolated from healthy individuals (Supplementary Figure 8) . Analysis of HSPA5 in individual patients indicated that HSPA5 expression was increased in a significant subset of monoclonal gammopathy of undetermined significance, smoldering multiple myeloma and MM patients compared with the expression in plasma cells from healthy individuals. As HSPA5 hyperexpression has been linked to chemoresistance, we employed a pharmacogenomic approach to determine whether HSPA5 expression correlated with the lack of clinical response to bortezomib (Supplementary Figure 8) . Gene expression profiles were obtained to compare HSPA5 expression in tumors from patients enrolled in a prospective pharmacogenomic study performed to test the efficacy of bortezomib vs dexamethasone. HSPA5 was hyperexpressed in the 86 patients that did not respond to bortezomib relative to the 83 patients that did respond to bortezomib. In addition, HSPA5 was hyperexpressed in patients that did not respond to bortezomib but HSPA5 was not hyperexpressed in patients that failed to respond to dexamethasone to support the notion that HSPA5 hyperexpression specifically correlates with bortezomib resistance.
Metformin suppresses membrane localization of GRP78 with PI3K GRP78 exhibits oncogenic functions attributed, in part, to direct binding and activation of PI3K. 39 Catalytically active PI3K then phosphorylates protein kinase B/Akt, a Ser/Thr-specific protein kinase that has a key role in cell proliferation and inhibition of apoptosis. Phosphorylation of the PI3K catalytic subunit promotes its plasma membrane localization and increases catalytic activity. Immunohistochemistry demonstrated that PI3K detection was greater in untreated SP than MP cells and that PI3K detection in either SP or MP cells was enhanced with bortezomib treatment. Merge of the fluorescence signals indicated that in the absence of any treatment, GRP78 colocalization with PI3K in SP and MP cells was enhanced by bortezomib and suppressed by metformin (Supplementary Figure 9) . Quantification of color-specific pixel counts supported the findings that bortezomib promoted GRP78 association with PI3K and that the association was suppressed by metformin. Furthermore, shRNA-mediated knockdown of HSPA5 followed by bortezomib treatment reduced the colocalization of GRP78 with PI3K. Catalytic activation of PI3K increases levels of the PI3K product PIP3, and Akt subsequently binds to PIP3 at the plasma membrane, allowing PDK1 to phosphorylate Thr308 in the activation loop of Akt leading to partial activation. Akt modification is sufficient to activate mTORC1 and phosphorylation of Akt at Ser473 that then stimulates full Akt activity. 40 Bortezomib downregulates Akt phosphorylation in drug sensitive hepatocellular carcinoma cells, whereas Akt phosphorylation was reduced in drug-resistant cells. Bortezomib treatment of MP cells reduced Akt phosphorylation at Ser473, whereas Akt phosphorylation at the same site was maintained in SP cells (Supplementary Figure 9) . The level of the PI3K catalytic subunit and the relative fraction of Akt that remained phosphorylated after bortezomib treatment were reduced to a greater extent in MP than SP cells. The level of PI3K 85 kDa adapter was unchanged in SP and MP cells with bortezomib treatment. Co-treatment of SP or MP cells with bortezomib and metformin led to a greater reduction in poly ADP ribose polymerase levels compared with that seen after treatment with either agent alone.
GRP78 suppression reduces PI3K catalytic activity Transfection of SP and MP cells with HSPA5-specific shRNA enhanced the effect of bortezomib to reduce viability (Supplementary Figure 9) . SP cells displayed increased PIP3 production compared with MP cells and HSPA5-specific shRNA also preferentially reduced PIP3 production in SP cells (Supplementary Figure 10) . Bortezomib, metformin and cotreatment reduced PIP3 production in SP to a greater extent than in MP. The results suggested that the genetic or pharmacologic suppression of GRP78 reduced PI3K activity.
Metformin enhances the effect of bortezomib in MM patient CD138 + plasma cells Patient CD138 + plasma cells were treated with bortezomib, metformin or both, and autophagosomes then detected (Supplementary Figure 10) . As was seen in MMCLs, bortezomib treatment of patient tumor cells increased staining for autophagosomes and the effect was suppressed with metformin. Treatment of patient CD138 + cells with the same drugs indicated that metformin co-treatment with bortezomib also enhanced the reduction in viability (Supplementary Figure 11) . The effect of metformin or phenformin was also observed in AMPK knockout mouse embryonic fibroblasts (Supplementary Figure 12) . The effect was also observed in CD138 + cells obtained from bortezomib refractory patients (Supplementary Figure 13) .
Metformin enhances the anti-myeloma effect of bortezomib in vivo A plasmacytoma model of MM was used to determine the in vivo effect of metformin and bortezomib on tumor burden and overall survival (Figure 4a ). MM.1S cells were injected subcutaneously into mice and palpable tumors were detected within 10 days. Bortezomib alone reduced tumor volume relative to vehicle or metformin treated and the effect of bortezomib was enhanced with metformin. The effect was without a significant change in body weight (Supplementary Figure 14) . Median survival was 17 days in the vehicle-treated group, 18 days in the metforminalone-treated group, 22 days in the bortezomib-treated group and 27 days in the bortezomib+metformin-treated group (Figure 4b) . The results suggest that metformin augmented the effect of bortezomib on tumor regression with survival benefit.
DISCUSSION
The discovery of new therapeutics to treat cancers that are resistant to existing therapies remains a challenge. Pharmacologic screens identified metformin as an agent that suppresses GRP78-dependent autophagy to enhance the anti-myeloma effect of bortezomib. Our results are consistent with prior studies, that have established that autophagy is activated upon ER stress as a defensive mechanism for survival 41, 42 and that the UPR regulator GRP78 is an obligatory component of stress-induced autophagy. 12 Although several cellular conditions have identified autophagy as a pro-survival mechanism that attenuates ER stress and antagonizes apoptosis, autophagy and apoptosis may also cooperate, in parallel or in sequence, to drive cell death. 43, 44 Components of the extrinsic apoptosis pathway TNF-related apoptosis-inducing ligand, tumor necrosis factor and fas-associated protein with death domain have been shown to simultaneously induce autophagy. 45 The autophagy and apoptosis pathways also share a number of molecules, for example, beclin, bcl2, caspases, ATG5 and ATG12, that facilitate crosstalk and coordinated regulation of these pathways. 46 Based upon the spectrum of results observed in diverse model systems, the cellular response to external cues that dictates the outcome as either autophagy or apoptosis may be context-dependent and reflect the cell type, growth conditions as well as the intensity and duration of insult.
The orally-administered, well-tolerated and inexpensive agent metformin enhanced the anti-myeloma effect of bortezomib in vitro and in vivo to suggest that the drug combination offers a therapeutic advantage for myeloma patients. Epidemiological studies indicate that a subset of patients that received metformin to treat T2D exhibited a lower cancer risk and reduced cancerrelated mortality. 47 Meta-analyses suggest that patients with T2D have a greater incidence of malignancies, including MM. 20 Analysis is ongoing to compare myeloma patient outcomes for those concurrently diagnosed with T2D and for those that received bortezomib vs bortezomib and metformin. The risk of bortezomib-induced peripheral neurotoxicity is greater in patients that present with peripheral neuropathy secondary to a history of T2D. 48 Bortezomib-induced peripheral neuropathy is a dosedependent phenomenon and dose reduction may prevent worsening of symptoms. Metformin may not only provide better glucose control but also may allow for reduced bortezomib dosing to prevent the development or worsening of neuropathy.
The effects of metformin observed here required doses much higher than those needed for the same effects with phenformin. 49 However, the risk/benefit ratio clearly favors metformin over phenformin. Phenformin was associated with an elevated incidence of lactic acidosis linked to fatal outcomes that prompted removal from the US market. Currently there are 460 clinical studies evaluating the therapeutic effects of metformin in cancer. 50 Figure 4. Effect of bortezomib and metformin on tumor volume (TV) and overall survival. MM.1S cells (3 × 10 6 /injection) were subcutaneously placed in the flanks of 5-week-old nude NCr nu/nu female mice. Mice were then randomly distributed into four groups (10/group) and after the formation of palpable tumors treatment was commenced. Groups received intravenous injection of either vehicle (phosphate-buffered saline containing 10% dimethyl sulfoxide (DMSO)) or bortezomib (0.5 mg/kg in phosphate-buffered saline, 10% DMSO) administered with or without metformin (600 μg/ ml diluted in drinking water that contained 5% dextrose). Metformin was administered throughout treatment and vehicle or bortezomib administered on days 1-4. TVmeasurements were made using a vernier caliper and calculated using the formula: TV = 0.5(a × b 2 ) where a is the long diameter and b the short diameter. Mice were euthanized when tumors reached 2 cm 3 , became ulcerated or elicited neurologic or musculoskeletal complications that limited mobility and feeding. TV was evaluated from the first day of treatment. Shown is the average of replicate measurements. (b) Kaplan-Meier survival curves after treated with either vehicle, metformin, bortezomib or both.
